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We study the density of states (DOS) inside superconducting Josephson SIsFS junctions with complex inter-
layer consisting of thin superconducting spacer s between insulator I and ferromagnetic metal F. The consider-
ation is focused on the local density of states in the vicinity of a tunnel barrier, which permits to estimate the
current-voltage characteristic in the resistive state for such junctions. We study influence of the proximity effect
and Zeeman effect on the properties of the system, and find the significant sub-gap zones in the DOS. We also
find manifestations of the 0-pi transition in the DOS of thin s-layer. These properties lead to the appearance of
new characteristic features on I-V curves which may serve as an additional source of the information about the
actual state inside the junction.
PACS numbers: 74.45.+c, 74.50.+r, 74.78.Fk, 85.25.Cp
I. INTRODUCTION
Superconductor-ferromagnetic hybrid structures are very
promising for use as working elements in various electronic
devices1–4. Starting from the first successful experiment with
pi-junctions5,6, spin-valves7,8, tunable kinetic inductances9,
and Josephson ϕ-junctions10,11, investigations of the hybrid
structures are still very actual for fundamental study and pos-
sible applications12–14. Magnetic (SFS) and tunnel (SIS) junc-
tions on the same chip15 and even in the same stack16–19 are
attractive for applications due to combination of ”memory ef-
fects” and high performance. Moreover, the coupling via thin
s-layers inside hybrid structures between tunnel weak places
and magnetic weak links may results in a number of inter-
esting features in interactions between the superconducting
states with different pairing symmetry20–23.
For instance, theoretical studies of hybrid SIsFS structures
in the vicinity of the 0-pi junction of its sFS part have already
revealed a number of peculiarities such as nontrivial poly-
harmonicity and hysteresis of their current phase relationship
(CPR), modulation of the SIs critical current due to the prox-
imity effect inside the SF electrode24, as well as the formation
of metastable energy levels25.
Unfortunately, direct measurement of the above features is
a technically difficult task12,26. Thus, to date, experimental
determination of the CPR shape has been carried out only for
solitary SFS junctions27–29. As a rule, in hybrid SIsFS struc-
tures, the weak place is localized in their SIs part, so that their
CPR has an almost trivial sinusoidal shape. For this reason,
indirect methods of measuring non-trivial CPR29 turned out
to be not very informative. Deviations from the sinusoidal-
like CPR shape take place in a narrow range of parameters,
in which the 0-pi phase transition of the junction takes place.
Thus, the experimental extraction of information on the phase
of the order parameter of thin s-layers is a very important
problem, which allows one to draw indirect conclusions about
Figure 1: Sketch of the Josephson SIsFS structure with possible ap-
proach to study the considering properties: DOS in the F and s-film
and CVC of the junction.
the presence of deviations of the CPR shape from the trivial
one.
In this paper we develop the method to reveal the actual
state of the thin s-layer. To do that, we calculate the distribu-
tion of the density of states (DOS) over the structure for a vari-
able set of parameters. Knowledge of DOS makes it possible
to determine the behavior of the resistive part of the current-
voltage characteristic (CVC) of the hybrid SIsFS structure and
correlate the features on it with the phase state of the s-layer.
Earlier, a similar approach was used to study the proper-
ties of hybrid structures that do not contain thin s-layers in
the weak link region30–39. We will demonstrate below that ap-
pearance of the addition source of superconductivity in s-layer
can significantly modify the properties of the hybrid junction.
It should be also noted that the practical application of our ap-
proach to the study of the features of hybrid SIsFS structures
is based on the study of their current-voltage characteristics,
the measurement of which is a routine procedure40–44.
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Figure 2: Local density of states on the free surface of the s-layer in sNS structure a) as function of thickness of s-layer ds and b) for thin
ds = 0.1ξ (short-dashed blue), intermediate ds = 3.5ξ (dashed red) and thick ds = 9ξ s-electrodes. On the panel c) the CVC of SIsNS junction
are shown for the same set of thicknesses. The other parameters are: dS = 1ξ , dF = 2ξ , γB = 0.3 and T = 0.5TC.
II. MODEL
The sketch of the system under consideration is shown in
the Fig. 1. It is conventional SIsFS junction with possibilities
to study DOS in the middle of the F- layer and on the sur-
face of the s-film. We assume, that the insulator I-layer has
very low transparency, which excludes proximity effects from
the top S-electrode. In this sense, we consider the problem in
the frame of Usadel equations45 with Kupriyanov-Lukichev
boundary conditions46 at the inner boundaries of the sFS junc-
tion and free boundary conditions ddxΦ = 0 at the free inter-
faces of the structure.
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Here p and q are subscripts of corresponding layers, Gp =
ω˜p/
√
ω˜2p+Φp,ωΦ∗p,−ω , ω˜p = ω + iHp, ω = piT (2n+ 1) are
Matsubara frequencies, ∆p is pair potential , Hp, is exchange
energy of the ferromagnetic layer (Hp = 0 in nonferromag-
netic materials), TC is critical temperature of superconductor,
ξp = (Dp/2piTC)1/2 is coherence length, Dp is diffusion coef-
ficient, Gp, and, Φp, are normal and anomalous Green’s func-
tions, respectively, γBpq = RBpqABpq/ρpξp, is suppression pa-
rameter, RBpq andABpq are resistance and area of correspond-
ing interface. The sign plus in (3) means that p-th material is
located at the side xi− 0 from interface position xi, and sign
minus corresponds to the case where p-th material is at xi+0.
In order to determine DOS, at the first stage, we numeri-
cally solved the set of equations (1)-(3) and determined the
spatial distribution of the self-consistent pair potential ∆(x)
across the whole structure. We simplify the problem assum-
ing that the coherence lengths, ξS = ξF = ξ , and resistivities,
ρS = ρF = ρ , of superconducting and ferromagnetic materials
are equals to each other. At the second stage we analytically
continued the equations (1) - (3) by passing from Matsubara
frequency to the real energies ω = −ιE, numerically solved
the resulting system of equations using the spatial distribution
of the ∆(x) obtained at the first stage and obtained the required
spatial distributions of DOS N(E,x) = ReG(E,x).
In the limit of small I layer transparency the knowledge of
the local DOS at the free surface of the thin s-layer provides
a possibility to calculate the current-voltage characteristic of
the tunnel SIsFS junction using the tunnel formula47
I =
1
eRN
∞∫
−∞
N1(E− eV )N2(E)[ f (E− eV )− f (E)]dE, (4)
Here V is a voltage drop across the tunnel layer, RN is normal
resistance of the tunnel barrier, and f (E) = (1+exp(E/T ))−1
is equilibrium electron energy distribution function.
III. DENSITY OF STATES
To get the reference point we have started with investiga-
tion of SIsNS structure in which the exchange energy is zero
in the non superconducting layer. We calculate local density
of states on the free surface of s-layer as a function of its
thickness ds (see Fig. 2a,b) which has the shape of a cup.
At ds > 5ξ the proximity effect with the normal layer weakly
affects on the density of states. In this interval of thicknesses,
both the order parameter and the anomalous Green’s functions
reach their bulk values near the Is interface. As the result,
DOS has the BCS form with peaks at the energy equal the
bulk value of the order parameter, ∆0, and the minigap, ∆1, at
E ≤ ∆0. Its typical shape calculated for ds = 8ξ is presented
in Fig. 2b by the black curve. For ds < 5ξ the proximity
effect leads to noticeable deviations of the anomalous func-
tions from bulk values, providing their dependence versus x
coordinate. This is accompanied by a decrease of the mini-
gap magnitude and a smearing of the singularity in the den-
sity of states (see dashed red curve in Fig. 2,b calculated for
ds = 3.5ξ ). A further decrease in ds thickness is accompanied
3a) b)  
 c)  d)   e)  
Figure 3: DOS of sFS structure with intermediate thickness of F and s-layer (dF = 2.0ξ , ds = 3.5ξ ) a) in the middle of F-layer and b) at
the surface of the s-layer as function of exchange energy H; c,d) DOS inside middle of the F-layer c) and at the free surface of the s-layer
d) for small H = 0.2TC (blue short-dashed line), intermediate H = 1.5TC (red dashed line), and large H = 4.2TC (black solid line) exchange
energies; e) IV-curves of the related SIsFS junction with small, intermediate and large exchange energies. The other parameters are γB = 0.3
and T = 0.5TC.
by the restoration of the singularity in the density of states
at an energy equal to the minigap (see dashed short-dashed
blue in Fig. 2b calculated for ds = 0.1ξ ). Previously, such a
transformation in the density of states with decreasing of the
s-layer thickness was predicted in the sN bilayer48. Physically
the effect follows from the fact that the smaller ds the larger
the energy interval in a vicinity of minigap in which both or-
der parameter and anomalous Green’s functions restore their
independence on space coordinate x. The situation turns out
to be similar to that realized at large thicknesses ds > 5ξ up to
replacement of ∆0 on minigap. Note that at ds = 0.1ξ there is
no intrinsic superconductivity in the sN bilayer. However, in
the sNS part of the SIsNS structure, superconducting correla-
tions penetrate into the s layer from the massive S electrode,
thereby maintaining the superconductivity of this layer. This
leads to the shape of the density of states significantly differ-
ent from the one calculated for the SINS structure49 with the
same thickness of the N-layer as that of the sN bilayer, but
with the effective constant of the electron-phonon interaction
equals to zero.
The Figure 2c shows how the found features in the density
of states manifest themselves on the I - V characteristics of the
structures. As expected, in the case of thick s-layer they pro-
vide conventional tunnel I-V curve. In the intermediate thick-
ness interval (ds = 3.5ξ ) the broadening of the DOS leads to
decrease of the slope of CVC. In the limit of small ds, the
additional peak feature at V = ∆0−∆1 appears, as it should
be for the SIS’ tunnel devices with different superconducting
electrodes.
The next considered feature in the Sec.III A is the influence
of the exchange field on the system. We study it with several
sets of parameters: initially we take the same thickness of F
layer as in the latter case dF = 2ξ and study the dependence of
DOS versus exchange energy H for thin ds = ξ and interme-
diate ds = 3.5ξ superconducting s-layer. However, in the case
of the large exchange energies the proximity effect was sup-
pressed too strong, so we also study the properties for thinner
F-layer dF = 0.5ξ in the Sec.III B.
A. Thick F-layer, dF = 2ξ
The results of the first case with intermediate thickness of s
and F-layers ds = 3.5ξ , dF = 2.0ξ are shown in the Fig. (3)
The panel in Fig.3a shows DOS inside F-layer. At small ex-
change energies, it has a small gap inside, the increase of H
leads to splitting of the gap in two different areas with large
plateau between them due to Zeeman effect. At the same time
4 a) b)  
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Figure 4: DOS of sFS structure with thin s-layer (ds = ξ ) and intermediate thickness of F-layer dF = 2.0ξ a) in the middle of F-layer and
b) at surface of s-layer as function of exchange energy H; c,d) DOS inside middle of F-layer c) and at the free surface of s-layer d) for small
H = 0.2TC (blue short-dashed line), intermediate H = 1.2TC (red dashed line), and large H = 4.2TC (black solid line) exchange energies;
e) IV-curves of the related SIsFS junction with small, intermediate, and large exchange energies. The other parameters are γB = 0.3 and
T = 0.5TC.
the coherence peaks on s-layer DOS at E = ∆ almost disap-
pear. At the larger exchange energies (H > 2TC) the split-
ted gaps disappear too. The similar features can be found on
the DOS of the s-layer (Fig.(3b). However, in superconduc-
tor the value of the gap is determined by the self-consistent
properties of that layer, and the width of the gap is around TC,
which is significantly larger than the gap inside the F-layer.
Sub-gap zone also appears in the DOS of the s-layer with
increase of exchange field at H = 0.5, but the amplitude of
DOS inside this zone is much smaller and varies in the inter-
val (0.3TC,0.5TC). At the exchange energies around H = 3TC
the gap is closed in the s-layer, although even at the larger H
there is a significant wide decrease of the DOS around zero
energy. The panels c,d in Fig. 3 show the cross-sections
of the studied density of states in F (c) and S (d) layers for
small H = 0.2TC , lower-intermediate H = 1.2TC and upper-
intermediate H = 4.2TC exchange energies.
The presence of the subgap zone leads to appearance of
additional features on IV-curves of the corresponding SIsFS
structure (See Fig.3e). At the intermediate exchange field
(H = 1.5TC) there is additional peak on CVC at eV = 2TC,
which correspond to the sum of the gap and plateau ener-
gies. At the same time such peak doesn’t appear in the limits
of small and large exchange energies. That peak is strongly
dependent from the actual value of the effective exchange
field. So in the real weak ferromagnets (they are usually al-
loys of normal and ferromagnetic metals) it is distinguished
from the similar differential peak of SIsNS junction with
extremely high sensitivity to remagnitization of the F-layer,
which changes the domain or cluster structure and modifies
effective exchange, averaged on the coherence length ξ .
In the Fig. 4 we demonstrate the properties versus ex-
change energy H in the case of the thinner s film with thick-
ness ds = ξ . The properties of the DOS inside the F-layer
are almost the same. The main peak disappears around ex-
change energy H = 0.5TC, while the local minimum on the
DOS is growing linearly with increase of H. The mini gap be-
comes splitted at H = 0.25TC with appearance of the middle
peak, which transforms into plateau at larger exchange ener-
gies. It is interesting, that on the DOS(H) dependence there
are two different features with negative peak on it. The first
one appears at E = H due to Zeeman splitting of main peaks
of DOS. The second one also has linear dependence versus H
with smaller coefficient and correlate with the limits of mini-
gap inside the F-layer.
Since s-layer is thin and acts as normal metal layer, the
5 a) b)  
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Figure 5: DOS of sFS structure with intermediate thickness of F-layer (dF = 2.0ξ ) and exchange energy H = TC a) in the middle of F-layer
and b) at the surface of s-layer versus thickness of s layer ds; c,d) DOS inside middle of F-layer c) and at the free surface of s-layer d) for small
ds = 1ξ (blue short-dashed line), intermediateds = 3.5ξ (red dashed line), and large ds = 8ξ (black solid line) exchange energies; e) IV-curves
of the related SIsFS junction with small, intermediate and large thickness of s-layer. The other parameters are γB = 0.3 and T = 0.5TC.
DOS on the surface doesn’t significantly differ from the DOS
of F-layer. However, while the zero-energy zone in F-layer is
higher than unity, on the surface of s-layer it doesn’t reach it at
all. We also find, that coherent peak have non-trivial behavior
versus H on the surface of s-layer. At small exchange energies
H < 0.5TC it appears in the same position (E ≈ 0.5TC) in the
F- and s-layers, and probably has the origin from the coher-
ence peak of the large S- electrode. The position of this peak
is smaller than the bulk value of ∆, since the pair potential of
the S-electrode near SF interface is also suppressed due to in-
verse proximity effect. At larger exchange energy this peak
disappears, however another peak appears exactly at the edge
of the effective mini-gap.
Such behavior of DOS provides the resistive branch of CVC
almost as in the NIS junctions at exchange energies H > 0.5TC
as it is shown in Fig. 4e. The minor difference from NIS
junction is provided by deviations of DOS in the vicinity of
mini-gap (small increase above and small decrease below). At
the same time, in the case of very small exchange energies,
the CVC becomes hysteretic (in the case of voltage biasing)
with wide maximum at voltage in the vicinity of difference
between bulk gap and gap of the s-layer.
The dependence of the surface DOS versus ds supports the
statements above at Fig.5 and Fig.6 at finite exchange ener-
gies H = 1TC and H = 4TC respectively. The general view of
the DOS versus ds is similar with DOS of SNs junction and
demonstrates the same processes of reappearance of the self-
superconductivity in s-layer, providing the shape of cup (See.
Fig. 5b). The difference from SNs structure is in the forma-
tion of the zero-energy peak inside the gap at the cup base for
the case of H = TC, which appears due to violation of time-
reversal symmetry in F layer. This zero-energy peak occurs
for all ds in ferromagnetic layers, but disappears in s-layer
with ds > 4ξ , when the self-superconductivity restores in it.
At the same time, in the region of parameters, where zero-
energy peak exists in the s-layer, the amplitude of the peak
inside F-layer is significantly smaller and the peak becomes
wider than at large H values.
Such nontrivial DOS behavior is a feature of weak ferro-
magnets. Even at H = 4TC, the density of states in F-layer
becomes independent versus thickness of s-layer and has the
properties of normal metal DOS (Fig. 6a,c). In the supercon-
ductive layer it also has trivial properties of normal metal at
the thickness smaller than the critical one (ds < 3.5ξ ) and has
a conventional gap at the larger thicknesses (Fig. 6b,d) .
Regarding the properties of CVC of corresponding SIsFS
junction, the change of ds leads to the transition from SNS
like IV-curve at large ds to SIN-like dependence for smaller
6 a)  b)  
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Figure 6: DOS of sFS structure with intermediate thickness of F-layer (dF = 2.0ξ ) and exchange energy H = 4TC a) in the middle of F-layer
and b) at the surface of s-layer versus thickness of s layer ds; c,d) DOS at the middle of F-layer c) and at the free surface of s-layer d) for small
ds = 2ξ (blue short-dashed line), intermediateds = 3.5ξ (red dashed line), and large ds = 8ξ (black solid line) exchange energies; e) IV-curves
of the related SIsFS junction with small, intermediate and large thickness of s-layer. The other parameters are γB = 0.3 and T = 0.5TC.
thickness (Figs. 5e and 6e). However, the features appearing
in the case of small exchange energies exhibit some additional
jumps on IV-curves of structures with thin s-layer, which cor-
respond to the presence of narrow gaps on the sides of zero-
energy DOS peak.
B. Thin F-layer, dF = 0.5ξ
The above results correspond to the case of thick enough
F-layer dF = 2ξ . At the same time, such choice of the pa-
rameters provides strong suppression of proximity effect in
the case of large H. To study possible manifestation of pen-
etrating proximity effect between bulk S and thin s-layers
in this section we study similar properties of the system at
dF = 0.5ξ . Initially we study the DOS and CVC of the ref-
erent SIsNS junction with H = 0. Generally, it has similar
shape of DOS(dS) dependence in comparison with Fig.1, but
the corresponding ”cup ” has a wider base.
However, the dependencies versus exchange energy are
drastically different from the previous case. In the Fig.7 we
demonstrate the properties of the structure with intermedi-
ate thickness of the s-layer ds = 3ξ . In this case, the low-
exchange state (H < 0.5TC) is more significant on the DOS of
F-layer. It has wide gap which appears due to proximity ef-
fect with bulk S-layer, which is rapidly closing with increase
of exchange field. The gap inside F-layer tends to reopen to a
constant value ≈ TC which is reached at H = 5TC. At the ex-
change energy H = 5TC the zero-energy feature also appears
and broadens with further increase of the H. At H = 10TC
zero-energy zone becomes so wide, that it totally closes the
gap again. Unfortunately in this region of parameters algo-
rithm of DOS calculation becomes very unstable, providing
some broken points, which are rippling the middle part of the
figure.
At the same time, inside s-layer the gap is almost constant
(Fig.7b) with little decrease during the growth of exchange
energy. It means that, thin ferromagnetic layer doesn’t effect
strongly on the formation of pair potential inside the s-layer
in this case. Also stronger proximity effect is leading to ap-
pearance of the feature on the main peak of the DOS of the
s-layer at H ≈ TC. At that exchange energy, the dip feature
appears in the F-layer DOS. This dip feature is induced at the
s-layer DOS, providing the local splitting of the main peak.
Also at high exchange energies, the subgap zone also forms
in the DOS of the s-layer. The contour of that zone is al-
most the same with F-layer’s one, but its amplitude is signifi-
cantly smaller. Thus, in the case of thin F-layer and interme-
7a) b)  
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Figure 7: DOS of sFS structure with thin F-layer and intermediate thickness of s-layer (dF = 0.5ξ , ds = 3ξ ) a) in the middle of F-layer and
b) at the surface of s-layer as function of exchange energy H; c) at the free surface of s-layer d) for small H = 0.5TC (blue short-dashed line),
intermediate H = 5TC (red dashed line) and large H = 9TC (black solid line) exchange energies; e) IV-curves of the related SIsFS junction with
small, intermediate and large exchange energies. The other parameters are γB = 0.3 and T = 0.5TC.
diate s-layer, the superconducting layer is protected enough to
demonstrate its intrinsic properties, with a few features from
the proximity with F-layer.
The DOS properties at the surface of the sFS structure are
significantly different when both s- and F-layers are thin (See.
Fig.8). In this case, the proximity between both layers s and
F, as well as penetrating proximity from the bulk S- layer are
manifested in the most significant way. Actually, in the F-
layer, DOS has all typical regions of parameters (Fig.8a,c): at
H < 0.5TC it has the wide proximity induced gap, which is
closing and reopening at H > 0.5TC, at H ≈ 3TC the subgap
zone appears and finally at H = 7TC it completely closes the
gap. It is interesting, that in the interval of H between 3TC and
5TC, the sub-gap zone on DOS(H) has a shape of the trident
with 3 peaks. Such behavior of DOS is similar with studied
triple-peak DOS in the F-layer of SFIFS structures39.
The DOS of the s-layer demonstrates nontrivial properties
in the region of small H (Fig.8b,d). In the interval H < TC, the
coherence peaks are wider than in the other regions, and sub-
gap states appears in the vicinity of point of the gap closing
H ≈ 0.3TC. Such properties appear due to effective proximity
from the F-layer. At the higher exchange energies, the ”tri-
dent” also appears in the s-layer, but as usual its amplitude
is smaller than unity. The presence of the subgap states also
leads to additional features on CVC of the junctions (Fig.8e).
As instance, at H = 5.2TC there is additional peak on IV curve,
which appears at eV/TC ≈ 2.3 and corresponds to the presence
of subgap plateau which can be clearly seen on panel d) in the
same figure. At the same time at the H = 3TC there is a peak
at eV/TC ≈ 0.7, which corresponds to the difference between
the bulk gap and minigap of the s-layer. This peak is absent in
the cases of very small and very large exchange: in the former
case the coherence peak is around bulk value due to strong
effective proximity with the S-layer, and in the latter case the
self-superconductivity is almost suppressed in the s-layer, and
position of the peak is determined again by the bulk electrode.
C. In the vicinity of the 0-pi transition
However, the above results don’t demonstrate any proper-
ties of 0-pi transition. In the former case dF = 2ξ , there is
no support of bulk superconductor in s-layer and DOS be-
comes normal-metal-like at the interesting region of parame-
ters relating to 0-pi transition. In the latter case dF = 0.5ξ 0-pi
transition requires too large value of exchange energy, which
also leads to disappearing of the effects. To reveal proper-
ties of that transition we consider the case with thickness of
ferromagnetic layer (dF = ξ ) which decreases significance of
penetrative proximity, but allows to obtain the 0-pi transition.
8 a)  b)  
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Figure 8: DOS of sFS structure with thin thickness of F- and s-layer (dF = 0.5ξ , ds = 0.6ξ ) a) in the middle of F-layer and b) at the surface
of s-layer as function of exchange energy H; c,d) DOS inside middle of F-layer c) and at the free surface of s-layer d) for small H = 0.5TC
(blue short-dashed line), intermediate H = 3.TC (red dashed line), upper-intermediate H = 5.2TC (green dotted line), and large H = 8TC (black
solid line) exchange energies; e) IV-curves of the related SIsFS junction with small, intermediate, and large exchange energies. The other
parameters are γB = 0.3 and T = 0.5TC.
In Fig.(9)d the spatial distribution of the real part of anoma-
lous Green function is show as function of exchange energy
H. The increase of the exchange energy provides the change
of the sign of ReF in the thin s-layer in the vicinity of value
H = 11TC. This transition has almost no influence on density
of states inside ferromagnetic layer (Fig.(9)a), because it is al-
most normal-like, as well as in the other structures with high
exchange field. At the same time, the 0−pi transition can be
detected from the DOS on the surface of the thin s-layer, as it
shown in Fig (9)b,d,e. As in the previous cases, the DOS of
that system has entire gap at the small H, the finite sub-gap
zone at in the interval of exchange fields (2TC,5TC), and gap-
less states at the higher exchange energies. At the same time,
even in the gapless state there is a minor decrease of the DOS
around zero energy. The value of this feature is sensitive to
the 0-pi transition, as it shown on the enlarged picture of DOS
in Fig.9d. At the point of the 0-pi transition, that decrease dis-
appears, and restores again in the region of the pi-state with
almost the same deepness of the zero energy feature (Fig. 9e).
This change provides slightly more straight IV curve of SIsFS
junction at the point of 0-pi transition (Fig (9f), but this change
is insufficient for detection of the transition by consideration
of the resistive branch of the CVC. At the same time, the mea-
surements of the local surface DOS of the s-layer probably can
reveal the 0-pi transition.
D. Influence of the SF interfaces
The spatial variations of the interface parameter between
superconductor and ferromagnetic metal can be also the rea-
son of the inhomogeneity of the DOS in hybrid structures. We
consider the influence of the interface parameter γB on DOS
of SFs structure with dF = ξ and ds = 2ξ (See Fig. 10). The
shown dependencies reveal the competition between 3 pro-
cesses in the system. The first one is the penetrating prox-
imity from bulk S-layer. In the case of extremely transparent
interfaces (γB→ 0), there is domination of proximity induced
correlations, which support superconductivity in the bi-layer
and providing the well-formed gap in the both ferromagnetic
and thin superconductive s-layer. However, the appearance
of the finite boundary resistance weakens the impact of that
process. Then, in the interval of γB between 1 and 3, the prox-
imity between s- and F- layers has a main role, leading to
formation of the significant sub-gap zone. Finally, at the very
large resistance of interface (γB > 10), the s-layer is protected
9 a) b) c)  
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Figure 9: The electronic properties of SIsFS junction with dF = 1ξ , ds = 3ξ , γB = 0.3 at T = 0.5TC for different exchange energy H. The top
panels show DOS a) in the middle of F-layer and b) at the surface of s-layer; c) enlarged DOS of s-layer in the region of 0-pi transition marked
by dashed line on panel b); d) the corresponding spatial distribution of pair amplitude F1(x,H) calculated on the 1st Matsubara frequency, e)
the DOS at the surface of the s-layer in the 0-state (blue short-dashed line), pi-state (black solid line) and inside 0-pi transition (red dashed
line). f) IV-curves of the related SIsFS junction inside 0, pi and transitioning state. The other parameters are γB = 0.3 and T = 0.5TC.
from the proximity from the S- and F- layer, and the DOS in
it gradually restores the properties of a bulk superconductor.
However, the sub-gap states still noticeable even at γB = 10
(Fig. 10d).
In terms of CVC such changes of γB are mostly defined by
the change of the position of the coherence peak, leading to
shift of the current drop (Fig. 10e). However, small additional
peaks provide some information about the presence of subgap
zone and about the actual value of pair potential in the s-layer.
It also should be noted, that in the case of very thin s- and
F- layers, the penetrating proximity can provide significant
increase of the gap in the case of the small γB. It can appear,
when the induced mini-gap in the bi-layer is larger than the
self-gap of s-layer in such system.
IV. DISCUSSION
In this paper we studied the influence of the proximity ef-
fect in the SIsFS junctions on density of states in the vicin-
ity of the tunnel layer and on the resistive branch of current-
voltage characteristics. We demonstrate that the properties of
the interface DOS significantly depend on the thickness of the
s- and F- layers, exchange energy of ferromagnetic metal, and
interface parameters.
Generally, all revealed features correspond to the interplay
of 3 phenomena: penetration of superconducting correlations
from the bulk S-layer into the Fs-bilayer, mutual interaction
between the s- and F- layers and formation of own source of
superconductivity in the thin s-layer.
The most interesting features appear in the case of small
exchange exchange energy in order of superconducting gap.
This regime provides the formation of sub-gap zones, which
lead to appearance of the additional peaks on IV-curves.
Actually, the measurement of CVC in SIsFS junction can
be effective source of the information about the properties of
electronic structure inside s-layer. There are two peaks on IV-
curve: the first peak appears at the smaller voltage and cor-
respond to the difference between the position of coherence
peak inside s-layer with the the gap of bulk superconductor.
This peak has weak dependence versus parameters like H or
γB, and probably it should be insensitive to parameters vari-
ations in the sample. At the same time, the value of ∆ can
be also obtained from the value of critical current of the junc-
tion, which provides possibility to cross-check the estimation
of main peak position in the single experiment.
The second peak on IV curve corresponds to the presence of
sub-gap states, induced into s-layer from ferromagnetic metal.
These sub-gap state is sensitive to a variation of the parame-
ters, so the that peak position can be shifted in the similar
samples. This peak usually appears near the tunnel drop on
IV-curve.
Also we found the influence of the 0-pi transition on the
DOS of s-layer. While in the 0 or pi states there is a significant
deep on the DOS, in the vicinity of the transition it becomes
almost normal-metal like. Even though, it doesn’t provide any
significant effect on CVC of SIsFS Josephson junction, but it
can be measured in sFS structures with free surface of thin
s-layer by scanning tunneling spectroscopy technique50,51.
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